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INTRODUCTION 

The t a s k s  proposed i n  our  l a s t  p roposa l  have been m e t  and a d d i t i o n a l  
i n fo rma t ion  genera ted .  The Ju ly  1986 Progress  Report  has  been modified and 
s e n t  t o  The Journa l  of Crys t a l  Growth t o  be publ i shed .  The a r t i c l e ,  e n t i t l e d  
"The E f f e c t  of G r a v i t a t i o n a l  F i e ld  S t r e n g t h  on Steady Thermal Convection i n  
B r i d e a n  Stockbarger  Crys t a l  Growth," i s  an e x t e n s i o n  of t h e  d a t a  p re sen ted  a t  
"he Gordon Conference i n  1985. These r e s u l t s  sheuld  be of cons ide rab le  
i n t e r e s t  t o  t h e  c r y s t a l  growth community. 

DISCUSSION OF PROGRESS 

The primary focus  dur ing  t h i s  r e p o r t i n g  per iod  has  been on complet ing a 
s i m u l a t i o n  of thermosolu ta l  convect ion.  The c o n f i g u r a t i o n  employed was based 
on sane  MIT experiments  us ing  a Germanium-Silicon charge  i n  a q u a r t z  ampoule 
wi th  an a s p e c t  r a t i o  of 8 and a r a t h e r  l a r g e  a d i a b a t i c  zone a s  given i n  F ig .  
1. Two t he rma l ly  s t a b l e  c a s e s  were i n v e s t i g a t e d :  c a s e  A, s o l u t a l l y  uns t ab le ,  
and case  B, s o l u t a l l y  s t a b l e .  Both use  the  same equ i l ib r ium phase 
diagram(Fig.  2) and thermophysical p r o p e r t i e s  except  t h e  s i g n  of t h e  s o l u t a l  
c o e f f i c i e n t  of volume expansion is r e v e r s e d ,  I n i t i a l l y  t h e  ampoule i s  p laced  
midway i n  t h e  a d i a b a t i c  zone and is  i n  a s t eady  s t a t e  thermal  convec t ion  mode 

-4 w i t h  a z e r o  p u l l  r a t e (V  = 0 ) .  The g r a v i t y  l e v e l  is 9.8(10 1 m / s 2  and an 
P 

0 i n t e r f a c e  tempera ture(T = 937.4 c )  cor responding  t o  a z e r o  c o n c e n t r a t i o n  i n  

t h e  m e l t  p r e s i d e s .  
f 

-5 A t  t i m e  equa l  t o  z e r o  the ampoule p u l l  r a t e  i s  inc reased  t o  1.39(10 
m / s  and a uniform m e l t  mass f r a c t i o n ,  C, of 0.2 i s  impressed on t h e  system. 
Case A w i l l  be desc r ibed  f i r s t  followed by d i f f e r e n c e s  between t h e  cases .  The 
i n t e r f a c e  p o s i t i o n  as t h e  s o l i d i f i c a t i o n  p rogres ses  through t h e  ampoule i s  
shown i n  F ig .  3. No movement i s  i n d i c a t e d  i n  t h e  f i r s t  200s a s  t h e  i n t e r f a c e  
t empera tu re  a d j u s t s  t o  i t s  new l o w e r  equ i l ib r ium va lue .  The c r y s t a l  w a s  not  
allowed t o  m e l t .  A more r ea l i s t i c  s i t u a t i o n  would have been a m e l t  back 
fol lowed by a r e s o l i d i f i c a t i o n .  Between 200s and 700s a t r a n s i e n t  growth 
phase where i n t e r f a c e  growth r a t e ,  V f s  and p u l l  r a t e  are no t  t h e  same. The 

i n i t i a l l y  p l a n a r  i n t e r f a c e  now becomes concave and t h e  c u r v a t u r e  con t inues  t o  
change w i t h  time. Following t h i s  a s t e a d y  s t a t e  phase from 700s t o  1370s 
occurs  i n  which p u l l  ra te  and growth r a t e  a r e  equa l .  Bulk c o n c e n t r a t i o n  
c o n t i n u a l l y  changes du r ing  a l l  phases  of t h e  p rocess .  F i n a l l y ,  t h e  s i d e  of 
t h e  ampoule is lowered t o  a p o s i t i o n  w i t h i n  t h e  a d i a b a t i c  zone, and s i n c e  t h e  
t o p  is i n s u l a t e d ,  r a p i d  s o l i d i f i c a t i o n  ensues u n t i l  t h e  e n t i r e  charge  is 
c r y s t  a l i z e d  a t  1810s. 

F i g u r e  4 shows t h e  concen t r a t ion  f i e l d  throughout  t h e  charge a t  748s. 
Notice t h a t  t h e  i n t e r f a c e  i s  not a t  a c o n s t a n t  axial l o c a t i o n  but  v a r i e s  w i th  
r a d i u s .  I n  t h i s  p l o t  i t  l i e s  between z = 4.05 and 4.15. I n s p e c t i o n  w i l l  
r e v e a l  t h a t  t h e  i n t e r f a c e  i s  concave. The l i q u i d  r e g i o n  immediately i n  f r o n t  
of t h e  i n t e r f a c e  i n d i c a t e s  a t h i n  layer (approximate1y  0.5 cm) of r a p i d l y  
dec reas ing  concen t r a t ion .  This is t h e  c o n c e n t r a t i o n  "boundary l a y e r " .  There 
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, 
is  a l s o  a r a d i a l  g r a d i e n t  i n  t h e  l i q u i d ( s a y  a t  z = 5.5) o u t s i d e  t h i s  l a y e r  d u e  
t o  advec t ion (a  s i n g l e  c e l l ,  more l a t e r )  i n  t h e  buik .  This  c o n t r a s t s  w i th  t h e  
d u a l  c e l l e d  s o l u t a l l y  s t a b l e  case B which has  a cor responding  s m a l l e r  
g r a d i e n t .  

A t  1810s t h e  charge i s  completely s o l i d i f i e d .  The C d i s t r i b u t i o n  i n  t h e  
s o l i d  w i l l  be examined u s i n g  Fig.  5 and Fig.  3. 

3.5 < z < 3.75, (0 < t < 450s) 
I n i t i a l  t r a n s i e n t  pe r iod ,  i n t e r f a c e  a d j u s t i n g  t o  t h e  s t e p  change i n  bu lk  

concen t r a t ion .  i n t e r f a c e  tempera ture  must drop from 937 t o  918 Oc. 
V = 0 u n t i l  about t = 200s. Then V i n c r e a s e s  from z e r o  t o  sune va lue  

g r e a t e r  t h a t  V and C s  i n c r e a s e s .  C s  i n c r e a s e s  because s o l u t e  cannot  

"escape" t o  t h e  b u l k  bu t  i n s t e a d  i s  "trapped" i n  t h e  s o l i d .  

The 

f f 

P 

3.75 < z < 4.0, (450 < t < 700s) 
V dec reases  and t h e n  inc reases .  Corresponding t o  t h i s  C s  i n c r e a s e s  and 

t h e n  dec reases .  Th i s  always happens and o t h e r s  have n o t i c e d  i t  [e.g. ,  
Smith, T i l l e r ,  R u t t e r ,  Canadian J. of Phys ics  1733 no. 1 (1955) 723-745, 
and Bourre t .  Derby. Brown; J .  C r y s t a l  Growth 7 1  (1985) 587-596.1. 

f 

4.0 < z < 4.9. (700 < t < 1400s) 
"Steady s t a t e "  growth with cont inuous  change i n  C-bulk. Vf = V = 

P 
-5 1.39(10 m / s  = s l o p e  of curve i n  F ig .  3. Note t h e  l a r g e  r a d i a l  

s e g r e g a t i o n .  

4.9 < z < 7.5, (1400 < t < 1800s) 
Side  of t h e  ampoule now e n t i r e l y  w i t h i n  t h e  a d i a b a t i c  zone. No energy  
e n t e r s  t h e  charge  s i n c e  t h e  t o p  of t h e  ampoule i s  i n s u l a t e d .  Vf exceeds 

V as shown. T h i s  i n c r e a s e  i n  V d i c t a t e s  an  i n c r e a s e  i n  C as p r e v i o u s l y  

mentioned, bu t  t h e  overall s p e c i e s  c o n c e n t r a t i o n  demands a g e n e r a l  
decrease .  The c h a r a c t e r i s t i c  i n c r e a s e  i n  C i n  t h e  v i c i n i t y  of t h e  " ias t  
t o  f r e e z e "  i s  not  q u i t e  a s  dramat ic  as it should  be because of t h e  r a t h e r  
l a r g e  computat ional  volumes and t h e  ave rag ing  used .  

P f 

Two cu rves  cor responding  t o  those  j u s t  p re sen ted  are g iven  i n  F igs .  6 and 
7 f o r  s o l u t a l l y  s t a b l e  c a s e  B. D i f f e r e n c e s  between t h e  two c a s e s  w i l l  be  
noted below w i t h  t h e  a i d  of Table  1. Case A i s  p r i m a r i l y  s i n g l e  c e l l e d  
a d v e c t i o n  w i t h  a second, much weaker c e l l  appea r ing  f o r  s h o r t  time i n t e r v a l s  
b u t  always fad ing .  The m e l t  v e l o c i t y  i n c r e a s e s  from t h e  i n i t i a l  t he rma l ly  

d r i v e n  c o n d i t i o n  t o  3.62(10-2) cm/s and t h e n  dec reases .  The i n t e r f a c e  is  
e s s e n t i a l l y  p l a n a r  from t h e  ampoule c e n t e r l i n e  t o  about  r / R  = 0.5 a f t e r  which 
it  becomes concave. 

I n  c a s e  B, two c o u n t e r r o t a t i n g  ce l l s  are p r e s e n t  f o r  most of t h e  p r o c e s s  
except  a t  t h e  ve ry  beginning and end. The m e l t  v e l o c i t y  i s  m a x i m u m  a t  

2.0(10 ) cm/s a t  t i m e  equa l  t o  z e r o  and t h e n  s t e a d l y  dec reases  t o  zero .  The -2 
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upper  c e l l  is  always s t r o n g e r  than t h e  lower c e l l  bu t  i s  ex t ingu i shed  a t  t h e  
e n d  of t h e  p rocess  b e f o r e  the  lower c e l l .  The magnitude of t h e  maximum 
v e l o c i t y  i s  always l ess  t han  c a s e  A a t  cor responding  t i m e s .  The concave 
i n t e r f a c e  i s  u s u a l l y  p l a n a r  between r / R  = 0.0 and 0.7. 
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Tf = 937'C 
Th = 1070°C 
Thermal coefficient Of volume expansion 

Melt thermal diffusivity 

Crystal thermal diffusivity 

Wall thermal diffusivity 

Density 

Kinematic viscosity 
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Figure 1. Schematic of Bridgman-Stockbarger System and Thermophysical Properties 
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